This paper presents a summary of arsenic level statistics from air and wipe samples taken from studies conducted in fabrication operations. The main objectives of this study were not only to describe arsenic measurement data but also, through a literature review, to categorize fabrication workers in accordance with observed arsenic levels. All airborne arsenic measurements reported were included in the summary statistics for analysis of the measurement data. The arithmetic mean was estimated assuming a lognormal distribution from the geometric mean and the geometric standard deviation or the range. In addition, weighted arithmetic means (WAMs) were calculated based on the number of measurements reported for each mean. Analysis of variance (ANOVA) was employed to compare arsenic levels classified according to several categories such as the year, sampling type, location sampled, operation type, and cleaning technique. Nine papers were found reporting airborne arsenic measurement data from maintenance workers or maintenance areas in semiconductor chip-making plants. A total of 40 statistical summaries from seven articles were identified that represented a total of 423 airborne arsenic measurements. Arsenic exposure levels taken during normal operating activities in implantation operations (WAM 5 1.6 mg m 23 , no. of samples 5 77, no. of statistical summaries 5 2) were found to be lower than exposure levels of engineers who were involved in maintenance works (7.7 mg m 23 , no. of samples 5 181, no. of statistical summaries 5 19). The highest level (WAM 5 218.6 mg m 23 ) was associated with various maintenance works performed inside an ion implantation chamber. ANOVA revealed no significant differences in the WAM arsenic levels among the categorizations based on operation and sampling characteristics. Arsenic levels (56.4 mg m 23 ) recorded during maintenance works performed in dry conditions were found to be much higher than those from maintenance works in wet conditions (0.6 mg m 23 ). Arsenic levels from wipe samples in process areas after maintenance activities ranged from non-detectable to 146 mg cm 22 , indicating the potential for dispersion into the air and hence inhalation. We conclude that workers who are regularly or occasionally involved in maintenance work have higher potential for occupational exposure than other employees who are in charge of routine production work. In addition, fabrication workers can be classified into two groups based on the reviewed arsenic exposure levels: operators with potential for low levels of exposure and maintenance engineers with high levels of exposure. These classifications could be used as a basis for a qualitative ordinal ranking of exposure in an epidemiological study.
INTRODUCTION
The semiconductor industry has been known to present a wide range of occupational hazards and risk. Even though this industry is considered to be 'high tech' and 'clean tech', cleanliness has focused not on workers but on products, and some hazardous agents such as arsenic compounds, glycol ethers, etc. are believed to be associated with cancer and reproductive system effects (LaDou and Bailar, 2007) .
In wafer fabrication operations of the semiconductor chip-making industry, all processes involve maintenance work to clean, replace, assemble, and maintain equipment and components for operation. Maintenance personnel have been assumed to have higher potential for occupational exposure to hazardous agents than other workers (Peyster and Silver, 1995) . In order to create the electrical characteristics of the silicon chip at locations determined by the patterns formed during lithography, inorganic arsenic compounds have been widely used in semiconductor manufacturing processes. These processes include metal organic chemical vapor deposition (CVD), ion implantation, and diffusion of ions of impurity or 'dopant' materials (Ungers and Jones, 1986; Wald and Jones, 1987) . Arsenic is a site-specific health hazard for maintenance engineers who are regularly or occasionally assigned the tasks of cleaning ion implanters and disposing of wastes (Ungers and Jones, 1986; Peyster and Silver, 1995) . Arsenic exposure of maintenance engineers in wafer fabrication operations has not been thoroughly assessed to determine effects on the workers' health. Here, arsenic levels monitored in fabrication operations or areas are comprehensively summarized through an up-to-date review of the literature. The main objectives of this study were not only to describe arsenic measurement data and to compare across studies but also, through the literature review, to categorize fabrication workers in accordance with arsenic levels. The results could be used as a basis for qualitative ordinal ranking of exposure in an epidemiological study.
METHODS

Scope of the literature search and selection of measurements
An extensive literature search was conducted to identify arsenic measurements from air and wipe samples reported in the semiconductor industry until the end of 2009. Standard literature review techniques were used to find relevant articles in the industrial hygiene and epidemiological literature.
Keyword search terms included 'semiconductor', dopants, 'ion implantation', 'maintenance', 'fabrication', and 'arsenic', which were used singly and in combination. Additional articles were identified from references cited in articles reviewed. All airborne arsenic measurements that were reported in the semiconductor industry and that appeared in a search of the peer-reviewed literature were included in the summary statistics, regardless of the type or duration of monitoring, sampling device, or location (area and personal). A description of arsenic levels measured in gallium arsenide production (Sheehy and Jones, 1993) was excluded in this study because this includes exposure due to production of optoelectronic devices and integrated circuits. Arsenic levels from wipe samples taken from surface areas such as equipment, gloves, clothes, etc. were also summarized.
Data analysis
The arithmetic mean (AM) was used for analysis of measurements as the best statistical summary measure of exposure for epidemiological studies of chronic disease (Seixas et al., 1988) . If only the number of measurements and either the geometric mean (GM) or geometric standard deviation (GSD) was provided (Ungers and Jones, 1986; Baldwin et al., 1988; Hwang and Chen 2000) , a lognormal distribution was assumed and the equation:
AM 5 GM Â exp½1=2 Â ðlnðGSDÞÞ 2 was used to provide an estimate of AM (Aitchison and Brown, 1963) . For the studies in which only a range of data were reported, rather than explicit values (Ungers and Jones, 1986; Jones, 1988; Peyster and Silver, 1995; Hwang et al., 2002) , the AM was estimated by assuming a lognormal distribution according to the following method: first, the midpoint of the logtransformed minimum and maximum levels provided an estimate of the mean of the log-transformed levels (l L ); second, the range of the log-transformed levels divided by four provided an estimate of the standard deviation of the log-transformed levels (r L ); and finally, substituting in the above equation expðl L Þ for the GM for and (r L ) for the GSD.
When analyzing averages based on different numbers of statistical summaries, it is appropriate to weight each average by a weight that is proportional to the inverse of the variance of the mean (Hein et al., 2008; Park et al., 2009 measurements reported for each mean. The distribution of the measurements was found to be positively skewed and approximately lognormal. Analysis of variance (ANOVA) was employed to determine if there were significant differences in the WAM arsenic levels among the classifications categorized according to operation and sampling characteristics. The years of publication or investigation were recategorized according to decade. All calculations were performed using STATA Version 9.0 software to classify the proportion of measurements reported in the literature.
RESULTS
Airborne arsenic levels A total of nine papers were found reporting airborne arsenic measurement data from maintenance workers or maintenance areas in semiconductor chip-making plants (Table 1) . Only one study reported arsenic exposure (85 lg m
À3
, no. of samples 5 no information) during cleaning of a deposition furnace in the absence of proper controls (Williams et al., 1995) . There was a further article reporting arsenic exposure levels (AM 5 1.8 lg m À3 , no. of samples detected 5 1) measured from cleaning an epitaxial reactor used in chemical vapor deposition (Peyster and Silver, 1995) . The other seven papers studied arsenic levels arising from ion implantation. McCarthy (1984) as GM, n 5 10) with dry-cleaning techniques were higher than those (TWA 5 1.4 lg m À3 as GM, 8-h TWA 5 0.12 lg m À3 as GM, n 5 5) using wet techniques (Table 1) . When arsenic-contaminated parts were worked on and cleaned inside properly exhausted hoods and blasters and parts were kept wet during hand cleaning inside implanters, the exposure level assessed from 45 maintenance engineers was found to be 0.32 lg m À3 (0.10 lg m À3 TWA) (Baldwin et al., 1988) .
Several studies reported arsenic levels far exceeding the threshold limit value (TLV: 10 lg m À3 ) recommended by the American Conference for Governmental Industrial Hygienists (ACGIH), which were generated during bead blasting and grinding (McCarthy, 1984) , source house dry cleaning (GM 5 53 lg m À3 ) (Baldwin et al., 1988) , and in an ion source chamber (15.6 lg m À3 ) (Hwang et al., 2002) . Recently, Chen (2007) reported arsenic levels taken from 144 exposed workers, consisting of operators and engineers from two major semiconductor plants. Arsenic levels measured using inhalable air samples ranged from 5.3 to 106.1 lg m
, with an average level of 25.7 lg m À3 for operators and 22.4 lg m À3 for engineers. These levels are both more than double the TLV of 10 lg m À3 and are much higher than those reported in other studies. Because the specific work or job conducted by these groups was not described, the reason that exposure of the operators was higher than that of engineers is not known.
The measurements from two papers (McCarthy, 1984; Williams et al., 1995) were excluded from data analysis, as the number of measurements was not given. A total of 40 statistical summaries from seven articles (Ungers and Jones, 1986; Baldwin et al., 1988; Jones, 1988; Peyster and Silver, 1995; Hwang and Chen 2000; Hwang et al., 2002; Chen, 2007) were identified that represented a total of 423 airborne arsenic measurements. Most of the measurements (86%) were from two papers published after the year 2000, with another 14% from six papers published prior to 2000. ANOVA found no significant differences in WAMs for arsenic levels classified according to several categories such as the year, sampling type, location sampled, operation type, and cleaning technique (Table 2) .
Arsenic exposure levels (WAM 5 1.6 lg m À3 , no. of samples 5 77, no. of statistical summaries 5 2) taken during normal operating activities in implantation operations were found to be below the TLV. In addition, results from area samples taken outside the chamber (WAM 5 1.6 lg m
, no. of statistical summaries 5 17) indicated that operator exposure levels may be relatively low. In contrast, arsenic exposure levels of engineers (7.8 lg m
, no. of samples 5 181, no. of statistical summaries 5 19) who were involved in maintenance works were found to exceed the recommended exposure limit (REL) of the National Institute for Occupational Safety and Health (NIOSH) (2 lg m À3 as ceiling) (NIOSH, 1975) . The highest level (WAM 5 218.6 lg m
) was associated with various maintenance works performed inside the ion implantation chamber. Arsenic levels (56.4 lg m
) recorded during maintenance work performed in dry conditions were found to be much higher than those (0.6 lg m
) from maintenance work in wet conditions. WAMs of airborne arsenic levels were found to vary inconsistently across years, Review of arsenic levels in semiconductor industry operations, sampling types, locations, and cleaning methods.
Arsenic levels from wipe samples Arsenic levels on various surfaces in implanter maintenance areas were summarized (Table 3) .
These studies were conducted to verify whether arsenic residues were present or not on surfaces of specific work areas and to identify cleaning operations with greater exposure potential. Levels above the detection limit were found in all wipe samples from process areas after maintenance activities and ranged 
DISCUSSION
This paper presents a summary of airborne and surface arsenic level statistics reported from studies conducted in fabrication operations. Because of its rapid development and for reasons of secrecy, the internal workings of the industry including maintenance work are poorly understood (LaDou, 2006). 
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Due to the limitations in accessing semiconductor operations and in particular maintenance activities with their irregular work schedule and duration, only a few articles have reported arsenic levels assessed during maintenance tasks (Ungers and Jones, 1986; Baldwin et al., 1988; Jones, 1988; Peyster and Silver, 1995; Hwang and Chen, 2000; Hwang et al., 2002) . Although these studies provide very limited information on arsenic exposure of engineers who are involved in either operation or maintenance work in fabrication operations, this may serve as the basis for an exposure assessment in an epidemiological study.
From our review, we conclude that engineers handling normal processes of fabrication operation are exposed to arsenic levels substantially lower than the TLV of 10 lg m À3 (ACGIH, 2010). Thus, the possibility of significant exposure to dopant materials including arsenic compounds is likely to be remote during normal operation if the operation is appropriately maintained in line with engineering controls such as exhaust ventilation, enclosure, and shielding of the operation equipment (ACGIH, 1989; Williams et al., 1995) . In recent generations of equipment, electronic control has evolved to the point where process-related activities, which were previously the responsibility of operators, are now monitored and adjusted automatically by preprogrammed, direct digital control systems [Seoul National University (SNU, 2009)]. In addition, the diameter of wafers for fabrication is becoming larger from 20.3 (8 inches) to 30.5 cm (12 inches), and the frequency with which operators handle wafers is becoming less, because loading and unloading are automated (SNU, 2009) . Nevertheless, the worker is still required to clean the equipment and parts of operation to change compressed gas cylinders and to conduct periodic preventive maintenance (Ungers and Jones 1986; ACGIH, 1989) . Exposure to arsenic compounds by maintenance workers (WAM 5 7.8 lg m
À3
) was still below the TLV but was found to exceed the NIOSH REL of 2 lg m À3 , which may vary according to the maintenance work characteristics such as working area, the extent of engineering control measures, and the cleaning method. Arsenic levels monitored near key maintenance areas on the implanters were already reported to be high enough to indicate a potential for very serious exposure, well in excess of the TLV (Ungers and Jones, 1986; Peyster and Silver, 1995) .
During the maintenance process, arsenic-containing compounds were found to be deposited on various surfaces after maintenance work (Table 3) . These by-products can generate arsenic-containing particles, resulting in potential for exposure to inhalation by maintenance workers. Even when airborne concentrations are maintained below the TLV, arsenic can accumulate on floors, equipment, and work surfaces. Maintenance personnel who are regularly or occasionally in equipment cleaning areas could have a higher potential for inhalation exposure than other employees, whose exposure to arsenic during routine production work appears to be controlled below the TLV.
There are several situations or activities in maintenance work where special attention needs to be given. During routine removal and replacement of compressed gas cylinders, workers are frequently exposed to incidental release of dopant gas (Ungers and Jones 1986) . Periodic maintenance of the ion implanter, which includes changing and cleaning of the ion source, cleaning of the beam path, and troubleshooting of the equipment, is believed to place maintenance personnel at substantial risk. High arsenic exposure potential was found to be associated with cleaning of the ion source and beam line cleaning in the implanter (Tables 1 and 2 ). This analysis gives similar results to those of Ungers and Jones (1986) who, among the arsenic measurements, reported the highest arsenic level (13. 6 lg m À3 ) from the beam path maintenance area. High arsenic exposure levels above the TLV were reported during cleaning of source housing chambers for solid source ion implanters when proper engineering controls were lacking and no precautions were taken to limit the amount of dust in the implanter (Williams et al., 1995) . The ion source and stainless beam line have generally been removed from the ion implanter, packed in a plastic bag, brought to the cleaning room, and cleaned there using various techniques. Exposure levels from maintenance work may vary considerably depending on the cleaning frequency, the contamination level of equipment for cleaning, maintenance area, presence and efficiency of engineering controls, and dust-handling techniques, etc. Exhaust ventilation and enclosure are not sufficient to reduce exposure to dopant gases generated during maintenance activities. Maintenance personnel could be at risk of exposure because the performance of these activities frequently entails workers bypassing or disabling the engineering controls. Maintenance activities should be performed in accordance with the standard maintenance manual. This manual includes the safe use of personal protective equipment (PPE), the requirement of sufficient purging time, use of appropriate techniques to minimize exposure, and working under the presence of a supervisor who should make maintenance workers follow this manual. Inherent limitations of the measured data were revealed through our review, and these are documented in the paragraphs below. The majority of studies did not detail the level of engineering control, the maintenance techniques, exposure duration, or methods and level of precautions, which may affect the exposure level significantly. The limitations listed require special attention for further consideration of exposure assessment in epidemiological studies.
First, little information was available on the frequency and duration of maintenance work, and this may be another source of variability among the measurements. Few studies have assessed exposure of employees who spend their time solely on maintenance work. Most of the reviewed exposure levels appear to be over task-oriented sampling times. Only two of the eight articles showed exposure information with an 8-h TWA (McCarthy, 1984; Baldwin et al., 1988) . Peyster and Silvers (1995) reported that maintenance work normally takes 2 or 3 h for each implanter. For the remainder of the day, the maintenance worker performing this work was in facilities where no arsenic compounds were handled. An 8-h TWA level could be significantly variable, depending on whether or not the remaining time involves work entailing arsenic exposure. Presumably, in most large-scale operations, the production operator is exposed on a daily basis for most of the work shift. In some cases, maintenance work with high exposure potential was found to be outsourced to external workers who performed only specific maintenance work in specific assigned operations (SNU, 2009) . The frequency that maintenance workers are exposed to arsenic varies from plant to plant.
Second, the differences in arsenic levels according to the type of maintenance work have not been studied. There are two general types of maintenance work: preventive and cleaning, which may vary from plant to plant. Preventive maintenance work is periodically conducted to inspect various operation equipments on a weekly, monthly, quarterly, and/or semiannual basis. We found that this work is normally conducted by employees of the internal company (SNU, 2009) . On the other hand, various maintenance tasks such as cleaning, assembly, and replacement, as well as work required based on the results of preventive maintenance work, are specifically conducted by external workers employed by outside entities (SNU, 2009) . Maintenance engineers who are responsible for cleaning could be assumed to have higher potential for exposure, although this has not been confirmed. If an engineer is responsible only for maintenance work involving cleaning or replacement of parts or equipment, continuous exposure to dopants including arsenic compounds may be assumed. To classify fabrication workers into groups based on exposure levels, the type of maintenance work and the frequency and intensity of the maintenance tasks should be considered.
Third, the level of engineering control measures and the cleaning techniques used in the maintenance work, which may substantially influence arsenic exposure, were not discussed in detail. Eighty-three percentage of the measurements reviewed (no. of samples 5 274) did not reveal any information such as the use and type of engineering control measures (Ungers and Jones, 1986; Jones, 1988; Peyster and Silver, 1995; Hwang and Chen, 2000; Hwang et al., 2002) , cleaning methods, etc. when maintenance work was performed. Several papers did study the effect of using local exhaust ventilation (Chen, 2007) , as well as cleaning techniques (McCarthy, 1984; Chen, 2007) .
Exposure from cleaning dry bead blasters or vacuum cleaners with high efficiency particulate air filters used for ion implant areas and removing implanter ventilation ducts varies considerably depending on the cleaning frequency, contamination level, and dust-handling techniques. When residues were kept wet during cleaning, exposure could be reduced to far below the TLV (McCarthy, 1984; Jones, 1988) . In contrast, much of the exposure occurred when no precautions were taken to limit the amount of dust in the air (McCarthy, 1984; Jones, 1988) . Baldwin et al. (1988) reported that many of the residue samples taken from ion implanter operations contained high amounts of arsenic. Arsenic levels in residues from the source housing of the solid source implanter (n 5 1, 38%), slit of gas implanter (n 5 1, 20%), scanner plate of gas implanter (n 5 1, 1%), lens housing of gas implanter (n 5 1, 0.02%), bead-blaster grit used on implanter parts (n 5 4, 0.03%), and dust in bag houses for house vacuums servicing the implant area (n 5 4, 0.08%) (Jones, 1988) were all found to be .0.02% that triggers certain Occupational Safety and Health Administration (OSHA) requirements such as labeling, air sampling, and written housekeeping procedures (OSHA, 1983) . Brushing or blowing arsenic-contaminated surfaces can easily result in airborne levels above the TLV (Jones, 1988) . Our review of the wipe sample results clearly confirmed that there was potential for inhalation exposure due to disturbance of arsenic compounds if maintenance workers were not properly protected by appropriate measures including engineering controls, good cleaning techniques, and PPE. Despite the limited number of measurements and exposure information reviewed, we can conclude from our review that airborne arsenic exposure is well below the TLV when arsenic-contaminated parts are worked on and cleaned inside properly exhausted hoods and blasters, parts are kept wet during hand cleaning inside implanters, and grinders or other forms of mechanical abrasion are not used. On the other hand, if the operation is performed dry or without appropriate use of engineering and administrative control measures, arsenic exposure could be substantially higher.
Fourth, no study has confirmed if impurity gases, including arsenic, are imbedded in the wafers of silicon and released during handling of a boat of wafers after implantation. Ungers et al. (1985) demonstrated small amounts of inorganic arsenic being emitted from implanted wafers up to 3.5 h after removal from the tool, using the designed sampling apparatus. This experiment showed that the total amount of arsenic emitted may approach 6.0 lg per 100 wafers processed within 4 h after implantation. This study suggests that newly implanted silicon wafers are a potential source of arsenic contamination, which may impact both the quality of the work environment and the integrated circuit product. Workers who are involved in various operations following implantation could potentially be at risk of low-level arsenic exposure.
Fifth, given the scarcity of the data, it may not be realistic to expect significant changes or differences in arsenic level among the determinants classified according to year, locations sampled, operation type, and cleaning method. Differences in arsenic level WAMs among the three decades examined (1980s 5 121.5 lg m À3 , 1990s 5 35.0 lg m À3 , 2000s 5 1.7 lg m À3 ) could be informative and useful in classifying workers for an epidemiological study, although the number of samples was not sufficiently large to detect a statistical significance.
A final major limitation of this review is that it is not possible to know how representative our results are with regard to operations that have changed constantly over recent decades. Furthermore, arsenic measurements recorded by the US federal OSHA and California state OSHA, and those which the Semiconductor Safety Association of USA have published, were not considered in this study because they did not appear in the peer-reviewed literature. This finding may be a result of the very limited information concerning the number of measurements, work type, location, and frequency of exposure in the maintenance work discussed above.
In conclusion, workers who are regularly or occasionally involved in maintenance work have higher potential for occupational exposure than other operators who are in charge of routine production work. Based on the reviewed arsenic exposure levels, ion implantation workers may be further divided into two groups; operators with potential for low levels of exposure and maintenance engineers with high exposure levels. This classification is strongly supported by the finding that maintenance work has greater potential for arsenic exposure, which was either reported or claimed by several studies (McCarthy, 1984; Ungers and Jones, 1986; Wald and Jones, 1987; Jones, 1988; Peyster and Silver, 1995; Woskie et al., 1995; Watterson et al., 2003) . This qualitative ordinal ranking of exposure could be used as the basis for qualitative estimation of arsenic exposure for an epidemiological study in the semiconductor industry. Further study is needed to assess whether this classification could be applied to other fabrication operations.
